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ABSTRACT 


The MIT-ONR electrostatic accelerator and oe oe 
spectrograph have been used to investigate the Co59(d,p)Co©0 reaction 
by bombarding a thin target of cobalt on Formvar with 6,0-Mev deuter- 
ons, An analysis of the proton groups for sixteen reaction angles 
between 10 and 110 degrees determined the angular distribution of the 
cross section and the Q-values for sixty levels of Co up to 3.7-Mev 
excitation, The ground-level Q-value was determined to be 5,262 + 
0.011 Mev. Some of the levels observed have not been previously re-~ 
ported, and the Q-values of the other levels are in agreement with 
those previously observed by (d,p) and (n,y) reactions, One previ- 
ously reported level at a Q of 2.659 Mev was not observed, The pres- 
ent values remove some small discrepancies between those of the (d,p) 
and (n,y) reactions, 


From the angular distributions of this work, the reaction was 
observed to proceed predominantly by stripping. They have been com~ 
pared with the predictions of Butler's stripping theory in order to 
assign values of én, the orbital angular momentum of the captured 
neutron, to thirty-seven levels, It was observed that most of the 
distributions required superposition of curves corresponding to two 
values of én. Results obtained endorse the recently assigned values 
of J = 5* for the ground level and J = 2+ for the metastable state, 
instead of the previously reported values of 4* and 1*, respectively. 
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Ll. INTRODUCTION 

The HIT-OM electrostatic accelerator is being used in a 
program of study of deuteron stripping paudthain. This reaction is 
& valuable tool in meclear spectroscopy as an aid in the determina- 
tion of the angular momentum and parity of ground and excited levels 
of various miolides, 

The element cobalt has been the object of several studies of 
the beta-ray and gamma-ray decay of its isotopes, Charged-particile 
studies of Co? by proton bombardment? and of 6000 through the 
Co? 94, p)co™ reaction® have been done at the High Voltage Labora- 
tory of the Massachusetts Institute of Technology. 

We have chosen the investigation of the angular distribution 
of protons fron the Co? (a, p) Go reaction in an effort to resolve 
an uncertainty in the yevalue for the ground level of co to deter~ 
mine more fully the excited levels of Co”, and to furnish more 
information on the angular momentum and parity of these excited 
levels, 

The work of Bartholomew and Kinsey” results in a Q-value for 
the ground level of 5.260 + 0.007 Mev, determined by subtracting the 
binding energy of the deuteron from their highest energy gamma ray, 
The Co? ?(a,p)co™ work of Foglesong and Foxwell* gave a Q-value of 
5.283 + 0,008 Mev, a difference of 23 kev. 

On the basis of the "shell model," 970032 has a single 
"hole* in the proton lf /2 shell, and the position of the four 


neutrons above the if, /2 shell is somewhat in doubt. The states 
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2P3 /2 and ify /2 lie very close sequel.” Whether the addition of 
a neutron to an odd one in the 2P3/2 state would cause the pair to 
jump from the 2P3/2 state to the Ife fo state depemdis on the magni- 
tude of the difference of the pairing energies PL /2 ~ Pp3/2 rela- 
tive to the level distance € fc /e mG, P3 /2° It is possible to show" 
that the order of filling these levels might proceed by three differ- 
ent schemes for configurations of 1, 2, 3, 4, 5, and 6 neutrons: 
a. (P37/2)"s (£570)"s (P37) "(fs 72)"s (fe 72)"s (P30) (£5 70)"s 
(£5 72)°. 
be (R372) (P53 70)°3 (P39) (P372)'s (P3 72) £5 79)°5 
(P52) (ts ja)". 
Ce (P5 79)" (p5/0)°s (P3/2)° ; (p3/2)"s (P57o) "(fe 79)" 
(p3/2)*(£5 /2)*. 


The experimental evidence for the magnetic moments of 058 
and 960” edie with the calculated magnetic nomena indicate 
the assignments of the thirty-first neutron in Co” 8 to the fy /2 
state and the thirty-third neutron in Co to the p3 /2 state, with 
three neutrons in the P3 /2 state and two neutrons in the fy /2 state. 
Thus, it would seem that the neutrons fill in the following manner 


for three, four, and five neutrons: 


(D379) (fe 79)" (P39) (fx 9) 5 (P5 72)" (fe 79) « 


This is not in accord with the schemes mentioned above but would 


seem to be a reasonable interpretation of data available, 
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A survey of present data on the angular momentum and pari- 
ties of Co is presented in Figure 1. The 1.0-Mev beta ray from 
the ground level of co™ to the 1. 33-Mev level of wil was first re- 
ported by Keister and Sehmiat® to have a shape corresponding to 
AJ = 2, no, and hence led to the angular momentum and parity assign- 
ments of * and 1” to the ground and metastable levels, respectively, 
in contrast to the previously reported values of 5* and a,” More | 


recent work by Dobrowlski et 01° 


» using the method of paramagnetic 
resonance to measure the angular momentum and magnetic moment, and 
by Wolfson”? on the 1,;8-Mev beta ray, obtaining Ad = 3, no, leads 
to confirmation of the values of 5* and 2°. | 

The use of the deuteron stripping reacticn as a means of 
assigning values of angular momentum to various energy levels of a 
racleus is based on the pronounced maxima in a forward direction of 
the emergent particle, These maxima may be characterized by values 
of é,, the orbital angular momentum of the captured mcleon, The 
angie at which a maximum occurs is a measure of the 4p value. Knowl- 
edge of the angular momentum and perity of the initial micleus, to- 
gether with the observed én value, will determine the parity of the 
residual nucleus and allowed values of the angular momentum, 

Several theories accounting for the stripping maxima in the 
intermediate energy region have been published, notably by Butler, 
Bhatia et ail@ » Daitch and French], FrLedman and Tobocman! » and 
others, In this investigation, an angular distribution formla freon 


the noncoulomb stripping theory of Friedman and Tobocmant is used, 
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Figure | 


ENERGY LEVEL DIAGRAM SHOWING 
DECAY SCHEME OF Co®° 


(Ref.6,7,9,10) 
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together with tables and granhs nrepared by Inge and Grauet? for 
numerical calculations of the theoretical angular distribution 
curves. 

The use of the MIT-ONR electrostatic generatcr and the 
broad-range magnetic spectrogranh enabled us to investigate the 
Q-values and angular distributions of protons from the 
Go”? (4,p)co™ reaction simultaneously. The investigation was car- 
ried out at energies of 6.01 and 6.13 Mev. The proton groups asso- 
ciated with the ground and excited levels were observed at seventeen 
angles between 5 and 110 degrees, 

Sixty Q-values, corresponding to the ground level and fifty- 
nine excited levels of 0°, were determined, Angular distrib- 
tion curves and values of ¢, for the ground level and twenty-five 
excited levels were ealoniated. Tentative assignmente of £), were 


given to eleven other levels, 
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II, APPARATUS 

The major ecuipment used in this investigation consisted of 
the NIT-ONR electrostatic accelerator }® and the associated deflect- 
ing magnet, a collimating slit system, target chamber, and the 
broaderange magnetic spectrograph 

The major characteristic of a Van de Graafi generator used 
as a particie accelerator is the small energy spread possible 
(approximately 6.1 percent). The MIT-ONR generator has a range of 
nermal operation of 5.0 to 7.5 Mew with a beam intensity upwards of 
0.3 microamperes, 

The physical features of the accelerator are shown in Figure 
2. The energy of the particle beam is defined and controlled by 
the collimating slit system and the deflecting magnet. The parti- 
cles are accelerated downward into the deflecting magnet and are 
then deflected through a 90-degree arc which has a radius of 60 
centimeters by a given magnetic field which determines the momentum 
allowed to pass through the magnet. 

By means of adjustable shims at the entrance and exit faces 
of the magnet, the beam was focused on a set of definins slits 
placed 155 centimeters from the exit face of the magnet”°. The 
slit jaws are insulated, and the currents collected on them are 
used to control a ccrona current to the generatcr terminal, thus 
providing voltage control. 

The particle beam then enters the target chamber (Figure 3) 


and provides a sharply defined beam impinging on a fixed position 
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on the target. The particies from the target which emerge into 

the acceptance angie of the broad-range magnetic spectrograph are 
deflected with a radius proportional to their momentum. They are 
recorded on three ten-inch long Eastman WIA 25—=micron photographic 
plates positioned at the top of the spectrograph, as shown in 
Figure 3. The photographic plates are contained in a plateholder 
and conform to a hyperbolic focal surface. They are indexed when 
in the plateholder by a set of rator-edged slits illuminated from 
below which give 2 set of sharp lines approximately 7 centimeters 
apert for the entire length of the photographic plate. These slits 
provide a reference for a measure of distance along the plates used 
when the particle tracks are ccunted after an exposure, 

The magnetic spectrograph may be rotated about a vertical 
axis through the point at which the beam hits the target. <angles 
from 0 to 130 degrees with respect to the beam line from the accele- 
rator may be used with a position error of less than 10 minutes of 
arc 15 | 

The solid angie of the spectrograph has been shown to be 
independent of the angle of observation, It is defined by an en- 
trance aperture to the spectrograph and by an S-nillimeter wide 
slit in front of the feeal surface, The aperture angle may be 
varied, but is used for normal work with a half-angle of about 24 
degrees, The solid angle on the focal surface is about 3.4 x 107 
steradian for a given peak at a distance along the plate of 52 cen- 


tineters. Since particles of different momenta are magnetically 
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deflected through different radii, they are recorded at different 
points on the focal surface, Since each position on the photo- 
graphic plates corresponds to a different distance traveled by the 
particles, the solid angle varies with position on the plate, This 
variation is corrected for by using the experimental curve given 
by Browne and Buechner?! , 

The magnetic fields in the deflecting and spectrograph 
magnets are determined by a muclear resonance technique, using the 
known gyromagnetic ratio of the Li! nucleus, This consists of 
measuring the Larmor precession frequency using resonance induction 
of Li! or of a proton in an aqueous solution of LiCl. The LiCl is 
contained in a small glass capsule positioned in the pole gap of the 
magnets, <A secondary frequency standard is used for the frequency 
measurement and is calibrated against the broadcast frequency stand- 
ard of the Bureau of Standards station ww’. 

Thin targets are necessary in charged-particle work, since 
sharply defined groups of reaction particles result, thus taking ad- 
vantage of the resolving vower of the apparatus, The work of Fogle- 
song and Foxwell® was done at 90 degrees on 4 ccmparatively thick 
cobalt layer evaporated onto platinum sheet, The present work, 
using transmission through the target for all ansles less than 90 
degrees, required the use of & thin ccbalt layer on thin Formvar 
fila. 

Circular (about l-~inch dismeter) target frames were covered 
with four double layers of Fornvar, The thickness of the Formvar 


was measured by means of an alpha-particle thickness gauge developed 
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by Enge, Wahlig, and Aanderaa?’ , The average thickness was found 
to be about 13 mils air equivalent. 

Co?? in the form of cobalt sponge obtained from Johnson, 
Matthey and Company, London, was evaporated under vacuum in a steel 
tank using a tungsten crucible, The tungsten was in strip form 
one-quarter inch wide and 20 mils in thickness; the strip was ground 
down in a small area to about 10-mils thickness to form a “boat," 
By passing a current through the tunsten strip, the cobalt was 
heated to a temperature above the melting point and allowed to 
evaporate, The evaporation was allowed to proceed until no cobalt 
remained in the boat. The temperature had to be controlled to with- 
in quite narrow limits in order to achieve evaporation but yet not 
destroy the Formvar backing by excessive heat, Some fifteen evapo- 
ration attempts were made before securing the necessary number of 
targets. After evaporation, the thickness of the cobalt was meas~ 
ured by measuring the thickness of the cobalt plus Formvar and sub- 
tracting the thickness of the Formvar. 

The targets were placed in the target chamber shown in 
Figure 3. This chamber is insulated from ground and has small 
apertures for the entrance of the particle beam and for the exit 
of emergent particles into the spectrograph. The secondery elec- 
trons from nearby energy-analyzing slits are prevented from enter- 
ing by insulating the entrance aperture from the target chamber 


and biasing to -300 volts. The amount of particle charge collected 
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in the target chamber is measured by a combined current integrator 
and sensitive microameter°, with an accuracy better than 1 percent 
for the beam currents used. 

In order to reduce the surface contamination buildup and to 
insure better heat removal, the targets were placed in a rotating 
target mount**, This consists of a geared target holder driven 
with a flexible shaft by a D. GC, motor, Magnetic coupling is used 
to transmit drive power through the lid of the target chamber, 

Speed of rotation is approximately one revolution per second, 

After the photographic plates are exposed and developed, they 
are counted by mounting them cn an accurate traveling stage and ob- 
serving the tracks by use of a binocular microscope, with a Leits 
dark-field illuminator source, for normal track size and intensity, 
a 20X objective is used, defining a one-half millimeter square. for 
very dense peaks or short tracks, a 43X objective is used which de- 
fines a field of view of about one-quarter millimeter square, The 
mumber of particle tracks across the exposed strip is plotted against 
distance along the plates. The position of the point at one-third 
the peak height on the high-energy side of the peak has been used as 
a measure cf the position of a group’. The distance is measured to 
an accuracy of + 0,1 millimeter or better, With the distance know, 
the corresponding value of p, the radius of curvature of a given 
peak, is found from the calibration curve, This is multiplied by 3B, 
the known magnetic field of the spectrograph, This gives the value 


Bp, the momentum of the particle, and, since the type of particle is 
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known, use may be made of tables of bp versus energy”? tc find the 
energy of the emergent particles. 

Calibration of the magnetic spectrograph!! is based on the 
accurately known momentum of polonium aipha particles, <A polonium 
coated silver wire is placed accurately in the target chamber in 
the same position as the beam spot on the target. Then exposures 
are made at various vaiues of field strength of the spectrograph, 
This places the alpha particles at different vositions along the 
photographic plate and provides the relation between distance along 
the plate versus radius of curvature, The value of 331.59 kilo- 
gauss centimeters for polonium alpha particles is used, The cali- 
bration error is founmi to be about + 0.04 —" in particle 
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ItI, EXPERIMENTAL PROCEDURE 

The first step in the investigation after the targets were made 
consisted of bombarding a target with 6.5-Mev protons and anelyzing 
the elastically scattered proton groups to determine the contaminants 
contained in the target ani to measure the effective thickness of the 
cobalt coating, Elastic runs were made at 90 degrees, as shown in 
Table I, The results from one such bombardment are shown in Figure 
and in Table I. For scattering at 90 degrees from a target initi- 
ally at rest, nonrelativistically we use the following 


E + & where is the 
oo np? S% weer | 
Esn * Ep mass of a proton) 


to determine the mass of the scattering melei, 

According to the manufacturer*-, Formvar contains 33 percent 
oxygen, 59.1 percent carbon, and 7,3 percent hydrogen (by weight) 
plus traces of sulfur and nitrogen. For use, Formvar is diluted 
with ethylene dichloride, which adds only chlorine to the list of 
contaminants contained in the backing. The caicium could possibly 
be present in the distilled water used in floating the Formvar films 
onto the target frame, The arsenic and silver are believed to be | 
due to previous evaporated materials which were not deplvdty r@e 
moved from the svaporator. 

It is noted that the analysis of contamination on one of a 
different group of targets showed less sodium and chlorine than in 
the first run, which may be due to better cleaning of the evanpora- 
tor before making new targets, or may be a case of "sweat physics," 
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Table I, Mass Analysis of Cobalt Target on Formvar Backing 


Signi- 
ficant No, Tracks in 
Ele- Num- Isotope Peak 2. 2° 





ment ber Z A Rel, to Co?9 Origin _ as 
6 12 3500.0 Backing and vacuum system 

C 6 13 34.25 Backing and vacuum system 
N 7 Uy 1.67 Backing and vacuum system 
0 8 16 638.0 backing and vacuum system 
0 8 18 0.57 Backing and vacuum system 
Na 11 23 Le? Sweat Physics 

S 16 32 1.58 Backing 

Cl 17 35 0.57 Backing, Sweat Physics 
Cl 17 37 0.23 Backing, Sweat Physics 

K 19 39 O.1, ? 

Ca 20 Lo 0.11 Backing 

Co 27 59 100.0 Evaporated material 

As 33 75 0.03 Evaporator 

Ag 47 107 0.3 Evaporator 

W 7h 13; 4.0 Tungsten boat 


Note: An estimate of the relative amount of each element present 
has been made by assuming (very incorrectly in general) Rutherford 
scattering, The mumber of traeks assigned to each element was 
divided by Z* and is given in the fourth colum of Table I relative 
to the cobalt peak, Colum 5 gives the assigned origin of these 


contaminants, ag a matter of interest. 
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In other words, prior to evaporating perspiration was left on the 
erucible, electrodes, and target frame supports because of handling, 
The greater apparent abundance of Na versus Cl may be caused by the 
effects of hizh deuteron bombarding energy, 

Since the targets were quite fragile, we had to use a total 
of five targets from two different evaporations, The centaminants 
were cheeked for each group, Normalization of the different runs 
is described later, 

The following procedure was employed in the angular distri- 
bution runs: We first determined the acproximate barrier height 
of Co?? from the equation24 B ss 0.76 ane 3 Mev, and found it to 
be ws 6.8 Mev for deuterons on cobalt. It was desirable to use a 
bombarding energy of roughly this value to minimize exposure time, 
but a value of 6.0 Mev was chosen because the accelerator was better 
stabilized at this energy; an important factor in long runs, such as 
were made, 

The energy of the bombardin: deuterons was established by 
setting up the desired magnetic field in the deflecting magnet, 

This energy was & constant throughout a set of angular runs, but 
the setting of the magnetic spectrograph field was changed every 
few angles to maintain an approximately constant position of the 
ground level proton peaks from Co?? on the photographic plate, 
This insured that the peaks had a constant solid angle throughout 
the run and thus removed the need for selideangle correction in 


comparing the intensities of peaks at different angles, The exact 


tle 
— a 


ee Tn 
akc \o wees neg ae aed ow sarin thier, 
tow wie we ee eer tl  ecree Gee es 
ieee patterns ante We stent 

sates» yon st Go A te eee chet ait eee 
wanes erm ae PRED ond mesh eto 163 Yo 
Sey RTE Ge Ey einreacioes .nnormy ste ort belonte vam 
winbal fediresnad at 

ee sala eat ek Melee oy cick gabeeisot aT 
ee 

a at wats tuo ot Me arg ners Muasaaige ast? mgt ao te 
a ee ee hoe er 
ee On ee ee 
chins: cow wees niet Semin Weiss Ant oD Ye guiey s igs 
2 Ce Uy pa Gs Telakl ecieumat uh pee ated fe heettideze 
Grenier eneumn pene nics as 
Ce ee 
ton sewn) wel We dee 4 ORIEN fier 6 nue Ty Tome eae 
wr hewkds ioe Atel) Surmrtipere whem sm te gattuee aed 
06 Lo Undd fer JID EOO VPI ao Masse af calgme wel 
erat) chtermorede at) ce TSO ect tomy eee Led beurre 
Aine Slighe Clie treetnency © Ret elem als ule hevtmend tT 
al aahPeerrmr eheresteter ch Gen eat Dene cial? Boe aire wld 
dames wt ptt GTEC ce eee te oahbeetnt at) ab eeow 


















energy of the deuteron beam was determined by an elastic deuteron 
exposure and by using the accurately known Guvalue?? (2.717 + 0.007 
Mev) for the oa, pc" reaction which appeared in all exposures, 

The first series of angular distributicns was made at an 
average deuteron energy of 6,009 Mev, and the exposures were 500 
microcoulomds, The second series was made through an error in set- 
ting up the deflecting magnet, at an average energy of 6.157 Mev, and 
with varied exposures, Table IT summarizes these runs. The longer 
runs of the second series were designed to resolve better several 
weak peaks seen in the first series in order te determine their 
energy with greater accuracy. The higher energy of tae second 
series shifted the position of the proton peaks a distance approxi- 
mately two cermbtimeters toward the high-energy end of the plates, 
The average deuteron current input to the target chamber was about 
0.10 microamperes, 

When making the (d,p) distribution runs, the photographic 
plates were covered with two layers of 1.5~mil alumimm foil to 
Sereen out aipha particles and deuterons, After exposure, the 
plates were developed and counted, as described previously, We 
plotted the muber of protons per one-half millimeter strip versus 
distance along the plate, as shown by the example in Figure 5, ‘he 
proton groups from cobalt were identified by observing the shift 
in position on the plate from one angle to another, The expected 
drift was calculated as an aid in identifieation. In each run, one 


er more of the proton croupe were obscured by the large ground level 
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TABLE II. Summary of Targets and Exposure for Angular Distribution 


Exoo sure 

Angle (ueoul. ) Target Remarks 
10° 500 B 3 

15 500 B 3 

20 500 B 3 

25 500 B 3 

30 500 B 3 

35 500 B3 

4o 500 B 3 

5 500 B 3 

50 500 B 3 

55 500 B 3 

60 500 B 3 

70 500 B 3 

80 500 BB 

90 500 B 8 

5 1000 A 3 Unusable-deuterons 
15 1000 A 3 

25 1427 A 3 

30 1000 al 

5 1000 Ak 

90 1250 A 3 

100 1250 A 3 

110 1250 A 3 

15 500 B 6 First test run 


L5 250 Akh Second test run 
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Figure 5 





and first excited levels of the 0)(a,p)o!? and cl#(a,p)c13 reac- 
tions, Since these latter are light nuclei, the shift of peak 
position versus angle is greater for them than for the cobalt 
peaks, Hence, the cobalt peaks which had been obscured at one 
angle by carbon and oxygen could be seen at a different angle, 

The data from the different runs were normalized in order 
to correct for the various thicknessee of cobalt and for the differ- 
ent amounts of exposure used. For the latter, the number of proton 
tracks in a peak was corrected to a 500 microcoulomb exposure by mi1- 
tiplying by the ratio of 500 over the actual exposure for the run, 
To determine the target thicknesses relative to the original one 
(B 3), the total number of proton tracks on the first plate (up to 
excited level No, 1) was corrected for the amount of exposure and 
then compared with the first plate of target B 3 at a common angle 


of exposure, The results are summarized in Table III: 


TABLE Lit 


Target Thickness Relative to Target B 3 


Target Relative Thickness Geet tie 
A 3 0.998 © | 15° 
A 0.7300 30° + 5° 
B 6 0.77h6 15 
B 8 0.7203 90° 


The recipreeal of the relative thickness was multiplied with the 


peak counts after normalization for exposure amount, 
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It was noted by comparison of corresponding peaks at the 
same angle on two different targets that random fluctuations of the 
proton counts were relatively high; that is, several peaks out of 
fifteen on the first plate would be two or three standard devia- 
tions off with respect to two guides: the same peak obtained from 
the other target and the expected value ovtained by approximating a 
smooth angular distribution through the peek counts of adjacent 
angles, In normalizing to minimize this effect where more then one 
exposure had been made at the same angie (Table IIT), a weighted 
mean count was determined for each such angle, 

The first step was to multiply the ameunt of exposure for a 
given target and angle by the relative target thickness to obtain a 
standardized exposure which would have produced the same number of 
proton tracks within the limits of fluctuation had the standard tar- 
get been used, Then, for each angle a factor of 500, the standard 
exposure, was divided by the sum of all standardised exposures, in- 
cluding the standard a This was then miltiplied by the sum of 
all protons counted in the peak on all exposures regardless of tar~- 


get to give the mean count. Example; 


Target No, Counts 1 Peak Exposure Relative Thickness 
Standard 1000 500 1 
Other 600 500 0.50 


The standardized exposure of the other target is 250 and the 


mean count « (200 __) (1000 + 600) «= 1067. The advantage of this 
500 + 250 
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procedure over others which micht produce the same result is the 
simplicity of using the umieighted surmation of all ecunts at the 
same angle for each peak, It was felt that the error in the mean 
value due to the error in determining the relative target thickness 
would be much less than the random fluctuations seen in single 


counts, 
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IV. RESULTS 


PROBABLE ERRORS 
The probable error quoted for the y.~values and excitation 
energies is, strictly speaking, not probable error but uncertainty 
in energy. This difference in meaning is mentioned because the term 
"probable errer™ has a particular definiticn in the field of statis- 
tics which is not the meaning used in this paper, The statistically 
determined standard error is not the major consideration involved in 
the quoted error, but is rather the qucstion of the accuracy of our 
values compared to the "true" values, This is then basically a ques- 
tion of how accurate a calibration has been made against the stand- 
ard polonium alpha particle, The uncertainty consists of two types 
of errors, one random in nature and the other systematic, A de- 
tailed examination of the uncertainty of each level has not been 
made, but the general effects have been determined, and it is felt 
that the uncertainty quoted is reasonable, 
The factors which may contribute to the random error are: 

1. The spread in energy of the incident particles 
resulting from finite slit widths; 

2. The finite width of the beam which illuminates a 
finite area on the target, not a point source; 

3. The spread in energy of the emergent particles 
because of variations in target thickness; and 

lh. Small adjustments of the macnet current to compen- 


sate for drift. 
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Since each j-value is the mean of three or four measurements 
(with one exception), it is possible to obtain an estimate of the 
random error by examination of the standard error of the mean values, 


The mean value is determined fron 


at 
-~ L ‘ 
q 


where n is the number of observations, The standard error is then: 
< 2 4 

>. (mu - *®) 
i 


n(n = 1) 


eS * 


This procedure resuited in an average standard error throughout the 
range of Qevalues reported of about 1.2 kev. 

The systematic errors are of greater consequence and are in 
general ea function of the energy of the emergent protons, These 
errors inciude the following: 

1. The calibration error of the magnetic spectrograph, 
which includes the uncertainty in the Bo value of the polonium alpha 
particles; 

2. Peak position and validity of the use of the one- 
third height position; 

Se Since the camgiet of the protons and deuterons were 
measured after these particles had passed through the target, there is 
an error caused by the different energy losses suifered by protons and 


deuterons in the target, This difference in energy loss is partially 
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canceled inthe  j-cquation, However, even though @ small correction 
Was made to compensate for the thicknese cf the cobalt when finding 
the deuteron energy, these losses cannet be uccurately determined, 
since the exact path of each and every particle is not knownj and 

4. The effect of temerature on the fluxmeter cir- 
cuits, which is random in part, 

The targets ured were ccontimously rotating and hence the effect 
of surface contwaination was felt to be negligible in comparison with 
the above effects. The values assigned to each of these terms are 
shown in Table IV, 

TABLE IV 
oystematic Errors for values 
hrrore given in percent of particle energy 
1, Calibration error 0.0k 


2. rrer caused by position of carbon and cobalt in target 0.02 


3. Peak position and one-third height 0,03 
4. Temperature coefficients in fluxmeter 0.03 
Root of sum of squares ~ 0,06 


The total uncertainty for a given w=value was determined by 
first combining the random and systematic errors for one measurement 
of particle energy and then combining the various uncertainties in 
the Q-equation to obtain the total uncertainty in C-value, This re- 


sults in a very generous estimate of the total uncertainty in .-value, 
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since some of the systematic errors in the determination of the ener-~ 
gles of the incident and emergent particles tend to cancel out, This 
particularly applies tc the calibration error, 

As an example, for the ground-state {-vaiue, the proton energy 
is about 11.); Mev, This is found to have an error of + 7 kev. ‘The 
uncertainty in the deuteron energy required more calculation, since 
most of the deuteron energies were determined from the ct2 (aq, pci 
reaction, which has an uncertainty of + 7 kev, The energy uncertainty 
of the deuteron is tms about + 9 kev, which, combined with the proton 
uncertainty, gives an uncertainty in the ~-value of the ground level 
of about + 11 kev, 

The uncertainty in Q-value is given in the results as 4 con 
stant + li kev, This is due primarily to the larger expected error 
in peak vosition at lower proton energies where the peaks are closely 
spaced, This is an arbitrary assignment, but it is possible to make 
larger errors in peak position under these qoekshiam ; 

The errors or uncertainties of the excitation energies are due 
to similar eauses, The random error was determined by an examination 
of the standard errors of the mean values and was found to be about 
+ kev, The systematic errors are approximately proportional te the 
excitation energy. In the calculation cf the excitation energies, the 
results depend on the energy differences between groups recorded on the 
same plate and the systematic errors tend tc cancel out. This has 
led to the assignment of a systematic error of + 0.1 percent of the 
excitation energy. The total uncertainty is then the square root of the 


sums of the squares of the random and systematic errors, 
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DISCUSSION OF Q=VALUZS AND 
COMPARISON WITH PREVIOUS WORK 

The determination of the energy of a given particle group is 
done in the f6a rents wane: The calibration table is used to con- 
vert the third~height distance into p, the trajectory radius of the 
particle in the magnetic spectrograph, Knowing the value of the mag- 
netic field B in kilogauss, we next find the “magnetic rigidity" of 
the particle, Bp, and enter the tables calculated by mnge*>, where 
the following equation relating energy of a particle to its momentum 
has been solved for protons, deuterons, tritons, and alvha particles, 


for values of Bp fron 10° to 6.5 x 10? gauss centimeters. 


— ZeBp,¢ 
Eo Tigc l(a + ee a) ~ il 
where ip = rest mass of the particle, 


The equation for the yevalue of a given reaction can be ex= 


pressed in the following forn: 





ds te le 
Mp + M, My = My (MypMAE PE, ) 
Bo - a aecnnNRE rabies) aye! 


Hp By, 





Q= By - 2 cosG@ § el 
where Mp » mass of residual nucleus 
| Mo = mass of emitted particle 

Bo = energy of emitted particle 

My =mass of incident varticle 

E,; = energy of incident particle 


uv = reaction angle in laboratory coordinate. 
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The term 6 nel is a small relativistic correction term and is 
approximately: 


§ 2 





, Er BF 
pp + Boe ~ lin” - cos & (My MoB rE )8(—* 2] 
a 4 Oo 


where i, the energy of the residual mucleus, is found from 


Mr My (Mighty) ® 
> me ee meme fe 2 COB Qe 
*R Mp + Mp ° Mey 


To find the bomberding energy of a particle using elastic 


scattering, we set ~ equal to zero and have 


Hp + M . 8 my 
Ey * ip = My iy Ey = 2 cos 9 (M;HETE,)* + 6 23 My = My 


Unless 6 is equal to 90 degrees, we have a second-order equa- 
tion; therefore, the method of successive approximations was employed 
in the solution of this equation, This technique was also employed 
when the deuteron energy was obtained from the c-(a,p)o* reaction 
leading to the ground level of ch, 

The Q-values were computed from four exposures, the l5-and 60- 
degree exposures of the 6,009-Mev series, and the 25- and 30-degree 
exposures of the 6,187-Mev series, The exposures at 45 and 60 de- 
grees were 500 peoulomb and, in examining the results, we found sev-~ 
eral small peaks identified with ce? were observed besides the large 
ones, The second set of exposures was given lonyer bombardment in 


order to obtain better counting statistics for small proton groups. 
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The 25— and 30-degree exposures were selected for computation to 
give the highest average intensity of all the peaks regardless of 
the shape of their anguiar distribution, The use of four separate 
exposures at different angles insured at least three sevarate deter- 
minations of the Qevalue for each level, with but one exception, 
The average j-value and excitation energy for the ground level an 
fiftyenine excited levels sre given in Table ¥, Level mumber 5), is 
inelosed in parentheses to indicate that it is the mean of only two 
measurements and hes @ larger random error. This peak was con- 
sistently observed at other angles but was obscured by the otf 
ground level on two of the four exposures used in determining jew 
values, 

In the eqaputations for the y-values, the relativity correc- 
tion wae less than 0.5 kev for the 25, 30, and S-degree exposures, 
and was less than 0.3 kev for the 60<degree exposure. It has been 
included in the results for the 60@degree expesure, 

A separate series of commutaticns for the Gevalue of the 
ground level at twelve different angles gave a © of 5,262 + 0.011 
Mev, The maximum spread in these (-values was 7 kev, with a stand- 
ard random error of less than 2 kev, 

The agreement for the (values of the excited levels was good 
on all exposures, The standard random errer was found te be less 
than | kev for any level, and for most levels, it was less than 3 


kev, 
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TABLE V 


Q-values for Co?9(d, p)Go and Excitation wnergies of Co 


Q-value Excitation 
in Nev ner cy 
Level + 0.011 in Hev 
Ground State 5.262 0 

1 520k 0.058 + 0.004 
2 4.980 0,282 + 0.00 
3 l,,830 0.432 + 0.004 
k 4.761 0.501 + 0.00k 
5 4.721 0.541 + 0.00; 
6 4,650 0.612 + 0,00 
7 452k 0.738 + 0.00) 
8 4L79 0.783 + 0,00) 
9 1,256 1,006 + 0,004 
10 4.055 1.207 + 0.00 
11 3.925 1.337 + 0,00) 
12 3.835 1.377 + 0.00k 
13 3.615 1.47 + 0,00; 
Us 3.750 1,512 + 0.00k 
15 3.62) 1.638 + 0.00) 
16 3.578 1.68) + 0.00) 
17 3.555 1.707 + 0.00 
18 3.51 1.748 + 0.00k 
19 3.463 1.799 + 0.004 
20 3.433 1.829 + 0,004 





Level 


s32- 


Qeyvalue 


3.412 
3.375 
32339 
3.283 
3231 
3-131 
3,112 
3.045 
2.988 
2.952 
2.914 
2.835 
2.671 
2.528 
2.500 
2.h17 
2.378 
2,363 
2.320 
24295 
2.252 
2,214 
2.197 
2.176 


Ex (Mev) 
1.850 + 0.00) 
1.887 + 0.00); 
1.923 + 0.00) 
1.979 + 0,00h 
2.031 + 0.005 
2.131 + 0.005 
2.150 + 0,005 
2.217 + 0,005 
2.27 + 0.005 
2.310 + 0,005 
2.38 + 0.005 
2.427 + 0.005 
2.591 + 0,005 
2.73 + 0,005 
2.762 + 0.005 
24845 + 0,005 
2.83) + 0.005 
2.899 + 0,005 
2.942 + 0.005 
2.967 + 0.005 
3.010 + 0,005 
3.048 + 0.005 
3.065 + 0,005 
3.086 + 0,005 
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level Q-inipe at. 2 
4s 2.147 3.15 + 0,005 
46 2,077 3.185 + 0,005 
47 2.0k7 3.215 + 0,005 
48 2.02h 3.238 + 0,005 
hg 1.978 3,28 + 0,005 
50 1.948 3.314 + 0,005 
51 1.923 32339 + 0.005 
52 1.895 34367 + 9,005 
53 1,83 3.419 + 0.006 
5h (1.798) (3.464 + 0.006) 
55 1.76h 3.498 + 0,006 
56 1,698 3.56) + 0.006 
57 | 1.671 3.591 + 0,006 
58 1,609 | 3.653 + 0,006 
59 1.580 3.682 + 0,006 


The excitation energy was found by subtracting the average Q- 
value of a level from the Q-value of the ground level, The average 
thus obtained was compared with the excitation energy detcrmined for 
the individual exnotures and agreement was again good, 

The determination of energy levels was ended after firty-nine 
levels had been measured, At levels above fifty-nine, the resolution 
of peaks is much poorer because of a larger background and closer 


spacing of proten groups, The beginning of this background may be 
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seen in Figure 5 to the left of a radius of curvature of 3 em, 
Migure 5 presents only that vart of the data from the 30-degree ex- 
posure which was analyzed, It is noted that in the plot of the peaks 
in Figure $, several peaks have half-widths greater than normal or 
display structure in the peak, Some of the effects noticed may be 
due to (d,p) reactions of the contaminant elements present, but sev- 
eral peaks display this at all angles of observation, In the latter 
cases, it is possible that the levels are closely spaced doublets, 
and the energy given is possibly in error because of this effect, 
More discussion of the effeets of closely spaced doublets will be 
given in the discussion of the angular distribution curves, The 
peaks which are suspected of being doublets are numbers 2, l,, 10, 19, 
and 25, Level maumber 19 is particularly suspected of being a doublet, 
since pronounced double structure is shown at several angles, 

It is interesting to compare the present results withthe work 
of Foglesong and Foxwell® and with Bartholomew and Kinsey”, This 
comparison is presented in Table VI, listing both  Q-values and exci- 
tation energies. It will be noted that the present work shows some 
fifty-nine levels in the region of excitation through 3,682 Mev, com 
pared with the twenty-nine levels found by Foglesong and Foxwell, The 
agreement of the Q-value for the ground level in this investigation 
with that which is obtained from the work cf Bartholomew and Kinsey 
is excellent. The (-value cf the ground level reported by Foglesong 
and Foxwell is 23 kev above that of Bartholomew and Kinsey and is 21 


kev above that of the present investigation, This difference may have 
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been caused by an effect noted by Strait et a 26 who observed that 

at high field strengths the iron of the magnet (the 1S0-degree 
annular magnet then used) was close to saturation and that the satu- 
ration did apparently cause appreciable errors in the energy measure- 
ments, The error in energy was of the order of 0.2 percent at values 
of B around 14,000 sauss, Inthe work of Foglesong and Foxwell, this 
represents an error of about 20 kev for a nroton correspondins to the 
ground level and thus is very close to the observed difference, It 
should be possible to introduce a correction term in the form of a 
power series of the emergent particle energy*?, This correction would 
be sero at or abcve the field strength used for calibration with 
polonium alpha particles, <A careful scrutiny of the G-values of the 
present work and those of Foglesong and Foxwell shows that there is a 
correlation between the two which qualitatively agrees with the above 
argument. The values of Foglesong and Yoxwell are generally higher 
through level number nine and from ten on agree within the limits of 
error except for mmber 48, If the difference in the (-values for 
the ground level is subtracted from the excitation energy of the ex- 
cited levels above nine, close agreement is again neticed. it should 
be noted that the present work covers part of a region which was ob- 
scured in the work of Poglesong and Foxwell, No level wea found to 


correspond with a level at Q of 2.659 Mev. 
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TABLE VI 


Comparison with Previous Hesuits 


Present work Foglesong + Foxwell® Bartholomew + Kinsey > 
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Q-value Ex* (Mev) Q~value Ex* (Mev) Q-value Ex* (Mev) 
_(Mev) Mev (Kev se 
56262 0 5.283 0 5,260°* 
5.20), 0.058 5.223 0.060 
4.980 0.282 L997 0.285 0.285 
4.830 0.432 1.836 O.4h5 0.445 
4.761 0.501 4.770 0.513 0.512 
4.721 0.541 4.726 0.557 
4.650 0,612 4.661 0,622 0,619 
452k 0.736 
LL79 0.783 4.492 0.792 0.796 
4.256 1,006 4.271 1.012 1.012 
4055 1.207 4.06 1.237 1.236 
3.925 1.337 
3.885 L377 3.829 1.394 1.376 
3.815 1.447 
3750 1.512 30750 1.533 1.580 
362k 1.633 3.620 1.663 
3.578 1.684 
3.555 1.707 
3.514 1.7h8 1.760 
3.463 1.799 3.156 1,825 
3.433 1.829 1.80 
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3.1412 
34375 
36339 
3,283 
3,231 
3,131 
3.112 
3.045 
2.988 
2.952 
2.911, 
2,835 
2.671 


2.526 
2.500 
2Li17 
2.378 
2.363 
2.320 
2.295 
2.252 
2,22; 
2.197 
2.176 


Q-value Ex* (Mev) 


1.850 
1,887 
1.923 
L919 
2.031 
2.131 
2.150 
2.217 
2.27 
2.310 
2.348 
24427 
2.5921 


2.73k 
2.762 
2.85 
2.88), 
2.899 
2.942 
2.967 
3.010 
3.048 
3.065 
3.086 


Bian 


Qevalue ix" (Mev) 


30278 


3,218 


3.129 


2.985 


2.913 


2.673 
2.059 


2.04:97 


2.413 


2.359 


20245 


2.163 


2.005 


2.055 


2.15) 


26295 


20310 


2.610 
2.62 


2.786 


2,870 


2e92k, 


3.038 


34120 


Gevalue 


Bx*( Mev ) 


2.307 


2.583 


2.90 
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Peak Q-value ___Ex"(Nev)_  Grvalue___ Ex” (Mev) = \-value _‘Ex"*(Mev) _ 
h5 2.147 3115 201h5 3.138 3.12 
Lé 2.077 3.185 2.075 3.208 
47 2.047 3.215 
46 2.02) 3.238 1.995 3.288 
49 1.978 3.20) LGTY 32304 
50 1. 9448 3.314 3230 
51 1.923 30339 
52 1.895 3.367 
53 1,543 3.419 
5h (1.798) (3.446h) 3.46 
55 1.764 3.498 
56 1.698 36564 
57 1.671 3.591 
58 1,609 3.653 
59 1.580 3,682 


ve 


“Obtained by subtracting the binding energy of tne deuteron from 
their highest value gamma-ray energy. 


The excitation energies reported by vartholomew and Kinsey are found 
to be within the limits of error except for level number ten, This seems 
te confirm further the assumption that the gamma rays observed in their 
work originated in transitions to the ground state, Within the region 
obscured in the work of Foglesenge end Foxwell, agreement with the 3.30- 


Mev and 3,l6-Mev gamma rays is found to be good, 
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The theory of deuteron strinping has been dealt with extensivelyti-l, e7 
Therefore only a brief discussion of the nrincivles will be given, A 
beam ef monoenergetic incident particles can be represented in terms 
of plane waves, and the angular distribution of the emergont particles 
ean be analyzed in terms of sphericel harmonics, These harmonics are 
characterized by definite values of orbital engular momentum with re- 
spect to the nucleus, We can let the angular momentun of the incomin: 
deuteron be bq and iis spin be Sae The angular momentwn of the oute 
going proton wave will be £5 and ita spin ae The captured neutron 
will have angular momentum 2, and spin S,. Iect the target nucleus 
have angular momentum I and the residual micleus have angular momen- 
tum J, 


By conservation of total angular momentum, we find 


L+ g + Saad + dirs, 


Also, the difference in spin and angular momentum cf the two 


nuciei is equal te that of the eaptured neutron: 


TeT- H+ 5 


Combining the above, we find: 
Iq - 4 +4, +5, - Gj - 5). 


NOTE: This discussion concerns only stendard stripping theory and does 


not take into account the recently reported spin-flin strinpingé°, 
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Sinee 5g = 55 + 5,, and the spin of the proton does not chenge 
because it is not interacting with the nucleus, we find 
t-te t+, . 

Thus, the values of 4; - #, are restricted by the conditions on 2, . 
This gives rise to a description of the anguler distribution of the 
emergent protons as a function of discrete values of ¢, , orbital 
angular momentum, with which the neutron enters the macleus, The 
diserete values of 4, are characterized by varying values of angle 
at which there is a maximum, Our calculations were based on the 
work of Friedman and Tebocman”", which is derived on the basis of 
four simplifying assumptions: 

1. The coulomb interaction can be ignored; 

2. The protons have no interaction with the 
target micleus; 

3. The deuteron fragments can be treated as 
free particles; 

4, The deuteron wave function can be approximated 
by a plane wave, 

The differential cross section for a (d,p) stripping process 

leading to a specific bound level of the residual mucleus in the 
center-of-mass coordinate system may be expressed in the following 


15 


elementary form for convenience in calculation: 
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S(Gnuc) = (20 +1) 6D ya Tg By. 


C is a constant for the level, calculated from the masses and ener- 
gies of the particles in the reaction, the miclear radius, and the 
angular momentum of the target nucleus, D is the deuteron factor 
which is determined from the approximate internal wave function of 
the deuteron, This is a function of angle and expresses the proba- 
bility of the proton, neutron, and incident deuteron wave functions 
matching the correct internal wave function in the deuteron, y, is 
the partial reduced width for each value of £, and its empirical 
determination will be discussed later, Finally, Bg represents a 
term composed of spherical Bessel and Hankel functions, 
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ANGULAR DISTRIBUTIONS 

The problem of finding the cross section for the stripping reac- 
tion was attacked by use of the alpha-particle thickness gauge mentioned 
previously to measure the thickness of cobalt on the Formvar film, 
Measurements were made before and after the cobalt was evaporated onto 
the Formvar, The differe:.ce in the two measurements gave the thickness 
of the cobalt in terme of the equivalent stopping power of air, in mils, 
for the alpha particles of polonium, The energy loss per centimeter of 


path for a substance is found fron@4 


dx ve 
where V = velocity of incident particle 
N = number of atoms in target per om? 
2 = charge of incident particle 
msenmass of electron 


B, the “atomic stopping number," is found from 





2 
Be Z in P 
I 
where Z = charge of target, and 
I = ionization potential of target, 
The energy loss of the alpha particles is the same for each 
medium. The energy loss per centimeter of path is a constant for 


each mediumy hence a simple constant ratio rclatiny the energy loss in 


cobalt to that in air can be formed. Since the thickness of the cobalt 
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in mils of air equivalent is know, the thickness of cobalt can be 
determined by miltiplying the ratio of the energy losses per centi- 
meter of path times the air equivalent thickness, for an air equiva- 
lent thickness of 13 mils, this save about 5.0 x 107° em for the 
thickness of cobalt. 

The half-width of a cobalt elastically scattered deuteron peak 
was computed from the (equation using the previously determined 
thickness of cobalt. A comparison with the observed half-width of 
the deuteron elastic peak at 90 degrees showed that the cobalt layer 
contributed 60 to 70 percent to the observed half-width, This seems 
to be reasonable, taking into account the angle between the target 
and the incident deuteron beam, 

The approximate differential cross section for the (d,p) reac- 


tion is determined from tho following expression: 


do (d,p) . Np cme 
d Q No, dk IAN Steradian 


where N, = number of proton tracks observed in the (d,p) peak 


No ™ mamber of atoms of cobalt per cubic centimeter of target 

dx = the effective thickness of the cobalt layer in centimeters 

IA = the number of incident deuterons measured by the current 
integrator 

QQ = the solid angle subtended by the magnetic spectrograph at 


a distance of 52 centimeters along the plate, in steradians, 
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It was found advantageous to convert the constant term in the 


above exvression into a colrversion term equal so 


0.02 nillibarns/steradian 


proton track 


This term, multiplied by the mumber of proton tracks observed, gives 
the value of cross section used in the results, 

A comparison of observed elastic scattering eat 90 degrees to 
the calculated Rutherford scattering was made, The differential 
elastic cross section was determined from the above expression, using 
the mmber of deuterons observed and was found to be about 

mb at. 90 degrees, The Rutherford cross section was com- 


SS 2... 
5 steradian 
puted from the following express ton? 


OF 5.2 x wre? (LET)? E “ (2)? i. 

df. iy My steradian 
where I and T refer to tne incident and target mclei, This gives a 
value of 109 millibarns per steradian at 90 degrees, about four times 
the observed elastic scattering, 

In addition, a correction was made to all cross sections thus 
obtained and to each angle in order to convert from the laboratory 
system into the center-of-mass gystem for cormarison with the theory, 
This was facilitated by figures in Enge and Grauel> and amounted to a 
emall increase in each angle and a small reduction in cross sections 


below 90 degrees, 
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The solid angle on the photographic plate, as mentioned in 
Section II, is approximately 36 x 104 steradians at a plate distance 
of 52 centimeters. The relative solid angle curve of reference 17 can 
be used to correct for variation in sclid angle as a function of dis- 
tance alon; the plate. The data points and curves of anguler distri- 
butions presented later in this section were not so corrected, but the 
correction term is listed in Table VII. This correction varies from 
1.155 to 0.875 and has been used to obtain all the results reported in 


Table VO. 


The paper by Enge and anna’? presents the method cf numerical 
calculations in detail with the aid of an example, The same proced- 
ure was used in the present work with the results for the twenty-six 
levels being shown in Figure 6 through 31. 

Prior to fitting the theoretical curve to the experimental 
points which represent the angular distribution of the cress section, 
an arbitrary isotropic background cross section was subtractcd — 
the value at each angle“! The amount was determined by inspection 
of each level distribution at the angle where the curve is noat 
nearly sero (that is, 90 to 110 degrees}, The background cross sec~ 
tions for all reported levels are given in Table VII and are shown 
in Figures 32 and 33. Twenty-three levels with small cross sections 
could not be assigned a value of £, for one of two reasons, Some 
of these display an isotropic distribution which may be caused by 


compound-nucleus formation or by a stripping reaction with an £,> 3 
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TABL® VIT 


Summary of Calculations 





wo on ana wn F&F Ww HH EH 


& & EF & 


Dnersy bkand fy (20ers (204, Ty sty (a) 
0 3.00 1,3 2 635 0.726 0.276 + 1.155 
0.058 1.38 1,3 1.k72 Oo453 0.308 + £1.15 
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(a) = solid angle correction to om in Figures 6&~- 31. 
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which was not resolved from the packeround®!, Others could not be 
identified as stripping reactions because of large statistical or 
experimental fluctuations in the distributions, The background re- 
ported for these was based on a mean of the counts of all angles, 
This, in general, will be greater than that of a similar distribution 
with a stripping shape consistent enough for analysis, in which case 
the background is the minimum value at the higher angles, 

In order tc calculate the curves, a first approximation of 


the nuclear radius FR was made by the Gamow-Critchfield formulas? 


1/3 


R ow (1.7 + 1.22 A °°) x 10723 om 


which yields 6.5 x yo") om for co, The value or values of @, 
for each level was determined from the angle of the maxima of the 
distribution in accordance with the following avproximate criterion 


derived from experience with the curves: 


bn 0 1 2 3 
Angle (low excitation) of 20° 2° 49° 


Angle (high excitation) 0° 17° ie = ké8¢ 


Ali the terms in the theoretical cross-section formula are 
then ealeulated for each angle, except the parameter (23 + l)y,. 
This term is then used to normalize the curve with the correct 
value of €, to the data points at their maximum and minimum, Since 
LO degrees was the smallest angle at which protons could be counted, 


it was used as the normalization point for #, = 0, 
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The radius was then adjusted by trial and error to give the 
best fit to the distributions found for the levels with the largest 
cross sections and the lowest excitation energies at which each value 
of ¢, appeared. The radius was found to be 6.0 x 10743 om for pn = 0 
and , = 1; 4.0 x 10724 om for fn = 23 and 5.5 x 10723 om for 4, « 3. 
For the levels with higher excitation energies, it was found that a 
smaller radius would give a better fit. This is varticularly notice- 
able in levels mumbered 12, 1), 21, 29, and 35 (Figures 16, 17, 19, 
21, and 23, respectively). Pecause of the mumerous and tedious 
trialeand-error calculations required and the lack of levels with 
small statistical fluctuations, no attemmt vas made to vary the 
radius with excitation energy, 

A majority of levels investigated exhibited a mixture of 
two ¢ values, either G and 2 or 1 and 3, ‘Im order to obtain a 

it~ for these levels, the two curves were added together, The 
normalization was as described above, except that a weighting 
factor yz + 2/y, also mst be determined algebraically, The true 
reduced width y is @ constant of the final state, but it has been 
placed inside the surmation symbol of the cross-section equation, 
There it acts as a weight factor giving the relative probability 
of finding the neutron in one or the other of the two orbits”, 

These results, which require the suverposition of two curves 
with different ¢,, values, have been eneountered before@!, It was 
noted that some could possibly be due to the formation of a doublet 
level with different ¢,, values or to the overlapping of a weak group 


by a stronger one or to a stripping reaction with two £4, values, 
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Also, it was noted that the experimental points which deviated 
from the curves had no consistent characteristics, except that points 
at 30 degrees were high for all but one of the twenty-six levels 
shown. 

In Figures 6 and 2h, the dasned lines show the individual 
curves calculated for each value of €,, The solid line is the sum 


of the two separate curves, 
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VY. GONCLUSIONS 

The present investigation oi the Go? (a, p)co® reaction, using 
the broad-range magnetic spectrograph, has resulted in the detection 
of several excited levels not oreviously reported, The Jevalue of the 
ground level has been redetermined and agreement with previous (n,7) 
results is good. An explanation for the disagreement with the pre- 
vious (d,p) determination for the ground and first nine excited levels 
has been offered, Coammarison of the excitation energies found in this 
investigation with those of previous (n,y) values shows good agreement 
and serves to confirm the assumption that Bartholomew and Kinsey were 


measuring gamma rays to the ground level of 690 


» not the metastable 
level, 

Agreenent with Butler stripoing theery seems adequate to 
asgign vaiuea of 4, with some assurance to the ground level and to 
twenty-five excited levels, shown in the included curves, In addi- 
tion, assignments were tentatively made to eleven weaker levels, In 
most ot the distributions analyzed, the experimental points required 
the superposition of two curves calculated for different values of ¢,, 
This is not surprising, because odd-odd miclei may have quite compli- 
cated coupling of the angular momentum of the odd neutron and odd 
proton. 

The observed values of orbital angular momentum, ¢,, agree 
with the values allowed by the coupling rules for the reported spins, 
J, of 5° and 2” of the ground and first excited level, It mst be 
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noted that, when several different values of €, are allowed by the 
coupling rules, the lowest value of é, can be determined, but higher 
values may be missed, This is explained by the behavior of the cross 
section for the stripping reaction, which decreases rapidly as éy, 
increases, 

The Jevalues derived from the coupling rules, using the knewn 
value I = 7/2” for Co?? and the observed én, agree with the Jevalues 
allowed by the shell model for the thirty~-third neutron being ac~ 
cepted into a P3/2 state for ¢, = 1, Agreement is also found for 
acceptance of the thirty-third neutron into the Py/29 P3/as oF fx /o 
states for observed f, = 1 or 3, 

The observed values @, = 0, 2 are consistent with the assign- 
ment of the accepted neutron into the Bg /2 state. With @, = 0, the 
J-values are limited to 3 or from coupling rules, 

It is noted that the values of (2J + 1)y, are found to be 
larger for the ¢, © 3 or 2 when these appear in combination with 
an £, = 1 or 0, respectively, 

The survey of the assignments of J«values to the ground and 
first excited levels was reviewed in the Introduction, Using the 
values for (23 + 1)y3 of 2.635 and 1.472, respectively, as reported 
in Table VII, simple calculations were made to test these assign- 
ments, If the ground level was assumed to have J = 5, the first 
excited level is found to have (2J + 1) = 6.15, instead of 5 as re~ 
quired by the J = 2 assignment, This represents an error of 23 per- 


cent. Now, if J = | is assumed for the ground level, the (2J + 1) 
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term for the first excited state is found to be 5,22, instead of 
the 3 which would correspond to J = 1, This error is about 68 per~ 
eent. Since these errors are a measure of the departure of the ob- 
served (d,p) cross sections from theory, the present work clearly 
supports the assignments to the ground and first excited level of 
J = 5* and 2°, rather than l” and 1", resvectively, 

No conclusive assignments of J~values or of yy could be made 


on the basis of the observed results. 
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